A one-step catalytic process was used to catalyze the hydrodeoxygenation of 5-methyl-3-heptanone (C 8 ketone) to a mixture of 5-methyl-3-heptene, 5-methyl-2-heptene (C 8 alkenes), and 3-methyl heptane (C 8 alkane). High conversion of C 8 ketone to the desired products was achieved over a single bed of a supported catalyst (bifunctional heterogeneous catalyst) consisting of one transition metal (copper (Cu) or platinum (Pt)) loaded on alumina (Al 2 O 3 ) under mild operating conditions (reaction temperatures were varied between 180 • C to 260 • C, and the pressure was 1 atm). The C 8 ketone was hydrogenated to 5-methyl-3-heptanol (C 8 alcohol) over metal sites, followed by dehydration of the latter on acid sites on the support to obtain a mixture of C 8 alkenes. These C 8 alkenes can be further hydrogenated on metal sites to make a C 8 alkane. The results showed that the main products over copper loaded on alumina (20 wt% Cu-Al 2 O 3 ) were a mixture of C 8 alkenes and C 8 alkane in different amounts depending on the operating conditions (the highest selectivity for C 8 alkenes (~82%) was obtained at 220 • C and a H 2 /C 8 ketone molar ratio of 2). However, over platinum supported on alumina (1 wt% Pt-Al 2 O 3 ), the major product was a C 8 alkane with a selectivity up to 97% and a conversion of 99.9% at different temperatures and all H 2 /C 8 ketone ratios.
Introduction
Recently, significant effort has been devoted to the development of alternative pathways of producing biofuel and chemicals from biomass as a sustainable source due to declining petroleum resources and rising oil prices. Synthesizing fuel-range hydrocarbons from biomass is of particular interest because it offers the potential for a drop-in replacement of petroleum-based fuels.
This work envisions that fuel-range hydrocarbons can be produced with a C 8 ketone as the key intermediate. This C 8 ketone is produced by dehydrating 2,3 butanediol (2,3 BDO), which can be produced in high yields from biomass-derived sugars [1] [2] [3] [4] [5] [6] [7] [8] , to methyl ethyl ketone (MEK) [9] [10] [11] [12] [13] [14] [15] [16] followed by aldol condensation and hydrogenation reactions [17] . Then, the C 8 ketone can be converted to C 8 alkenes and C 8 alkanes, which can be used as gasoline blended components. This work extends previous work in our laboratory to convert 2,3 BDO and MEK to light alkenes (butene) [18] [19] [20] , an intermediate to higher alkenes, and MEK to chemicals such as C 8 ketone [21] .
Hydrodeoxygenation of C 8 ketones to C 8 alkenes and C 8 alkanes requires removing an oxygen atom from the ketone, for example, by the hydrogenation of the C=O bond via metal sites followed metal (Cu or Pt) loaded on Al 2 O 3 , chosen based on the above literature. This catalyst functions as a bifunctional catalyst with both hydrogenation and dehydration activity. This work shows that this approach can be quite selective to C 8 alkenes and C 8 alkane in the presence of hydrogen in a single stage. Catalysts 2019, 9, x FOR PEER REVIEW  3 of 15 catalyst with both hydrogenation and dehydration activity. This work shows that this approach can be quite selective to C8 alkenes and C8 alkane in the presence of hydrogen in a single stage.
Results and Discussions

Characterization of Catalysts
2.1.1. X-Ray Diffraction (XRD)
The XRD patterns of pure Al2O3, 1% Cu-Al2O3, 1% Pt-Al2O3, and catalysts with a high loading of Cu (20 wt% Cu on Al2O3) with different calcination times (4 h and 8 h) are shown in Figure 1 . As seen in this figure, all characteristic peaks of the parent support (Al2O3) were observed in the supported metal catalysts. These peaks were maintained when metals were introduced; however, the intensity of the main peaks slightly decreased at high Cu loadings. Two peaks characteristic of CuO (35.5° and 38.6°) were observed on the Cu catalysts with 20 wt% Cu, confirming that at least some of the copper was present as CuO clusters. However, there were no distinguishable diffraction peaks representing crystalline CuO peaks at low Cu loadings (1% Cu-Al2O3), most likely because the copper particles were smaller than 40 Å in size, the detection limit of XRD [41, 42] . Additionally, for the 1% Pt-Al2O3, no obvious diffraction peaks were observed, suggesting that the metal was well dispersed on the support. The crystallite sizes of CuO for 20% Cu-Al2O3 were determined using the Scherrer formula:
where K is an empirical constant (assumed to be 0.9, the value for spherical particles); λ is the x-ray source wavelength (0.15406 nm); B is the full width at half-maximum (FWHM); and θ is the Bragg angle. Crystallite sizes are reported in Table 1 . As seen in this figure, all characteristic peaks of the parent support (Al 2 O 3 ) were observed in the supported metal catalysts. These peaks were maintained when metals were introduced; however, the intensity of the main peaks slightly decreased at high Cu loadings. Two peaks characteristic of CuO (35.5 • and 38.6 • ) were observed on the Cu catalysts with 20 wt% Cu, confirming that at least some of the copper was present as CuO clusters. However, there were no distinguishable diffraction peaks representing crystalline CuO peaks at low Cu loadings (1% Cu-Al 2 O 3 ), most likely because the copper particles were smaller than 40 Å in size, the detection limit of XRD [41, 42] . Additionally, for the 1% Pt-Al 2 O 3 , no obvious diffraction peaks were observed, suggesting that the metal was well dispersed on the support. The crystallite sizes of CuO for 20% Cu-Al 2 O 3 were determined using the Scherrer formula:
where K is an empirical constant (assumed to be 0.9, the value for spherical particles); λ is the x-ray source wavelength (0.15406 nm); B is the full width at half-maximum (FWHM); and θ is the Bragg angle. Crystallite sizes are reported in Table 1 . 
Transmission Electron Microscopy (TEM)
The TEM images in Figure 2a ,b mention the presence of a number of Pt and Cu nanoparticles (dark zones), and the measurements of the average distinct metal particle size were estimated to be about 7 and 8 nm in diameter, respectively. However, the pore structure could not be clearly observed in the TEM images either as rows or as ordered pore openings. The TEM image of the 20% Cu supported on Al 2 O 3 with different calcined time (Figure 2c ,d) suggests Cu particle sizes in the range of 18 nm, close to the Cu particle sizes calculated from the XRD.
Catalysts 2019, 9, 
The TEM images in Figures 2a,b mention the presence of a number of Pt and Cu nanoparticles (dark zones), and the measurements of the average distinct metal particle size were estimated to be about 7 and 8 nm in diameter, respectively. However, the pore structure could not be clearly observed in the TEM images either as rows or as ordered pore openings. The TEM image of the 20% Cu supported on Al2O3 with different calcined time (Figures 2c,d) suggests Cu particle sizes in the range of 18 nm, close to the Cu particle sizes calculated from the XRD. 
N2 Adsorption
The surface area of all catalysts, according to the BET measurements, is summarized in Table 1 . As seen in this table, the surface area decreased as the loading of Cu on Al2O3 increased. This is consistent with literature reports that show that surface area decreases as metal loading on a support increases when the catalyst is synthesized by the impregnation method [43] . 
N 2 Adsorption
The surface area of all catalysts, according to the BET measurements, is summarized in Table 1 . As seen in this table, the surface area decreased as the loading of Cu on Al 2 O 3 increased. This is consistent with literature reports that show that surface area decreases as metal loading on a support increases when the catalyst is synthesized by the impregnation method [43] .
2.1.4. Temperature Programmed Desorption (NH 3 -TPD) and (CO 2 -TPD) NH 3 -TPD and CO 2 -TPD experiments were performed to investigate the acid-base properties of the reduced catalysts. Figure 3a shows the NH 3 -TPD profile of the different reduced metal supported catalysts calcined for 4 h and 8 h, while Figure 3b displays the CO 2 -TPD profile for the same catalysts.
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Catalytic Conversion of C 8 Ketone to C 8 Alkenes and C 8 Alkane in a Fixed Bed Reactor
Effect of Different Supported Catalysts on the Reaction of C 8 Ketone
Experiments were conducted to study the effect of using different metal (Cu and Pt) supported Al 2 O 3 on the conversion of C 8 ketone and the distribution of major products. The catalytic results are summarized in Table 2 . Table 2 . Catalytic activity in the conversion of C 8 ketones to C 8 alkenes and C 8 alkane over several catalysts.
Catalyst
Conv Prior to introducing the reactants, the catalysts were reduced in the reactor at 300 • C for 1 h with H 2 and N 2 flowing at 68.5 and 16.5 mL/min, respectively, and the results were collected after 1 h of the starting reaction using 0.5 g of catalyst.
The results in Table 2 indicate that Pt was much more active than Cu. For the same weight loading, conversion over 1% Pt-Al 2 O 3 was approximately double of that for 1% Cu-Al 2 O 3 . The other major difference for these two catalysts was that 1% Pt-Al 2 O 3 had a nearly 98% selectivity for the C 8 alkane, while 1% Cu-Al 2 O 3 primarily produced C 8 alkenes, with lesser amounts of C 8 alkane and other products. When the amount of Cu loaded on the catalyst was increased to 20 wt%, an equivalent conversion was reached to that of 1% Pt-Al 2 O 3 , about 99.9%. This can be attributed to the increase in metal sites (see Table 1 and Figure 3 ). However, the selectivity difference between the Cu and Pt catalysts was still maintained: the selectivity for C 8 alkenes was 45% for the Cu catalyst. These results suggest that Pt was more active than Cu, not only for the initial hydrogenation of the C 8 ketone, but also for the hydrogenation of C 8 alkenes to C 8 alkane. These results are in accordance with the fact that copper catalysts selectively hydrogenate C=O bonds and are relatively inactive for the hydrogenolysis of C-C bonds [22] , while platinum catalysts are very active in hydrogenating both C=O and C=C bonds [27, 35] .
It was also interesting to note the large amount of other products (24%) produced over 1% Cu-Al 2 O 3 compared to the other catalysts. This was likely to be the result of the interplay between the chemistries on the two types of catalytic sites: metal and acidic sites. For the low loading of Cu, the hydrogenation of the C 8 ketone was sufficiently slow that reactions over the acidic support could proceed, leading to products other than C 8 alkenes and C 8 alkane. When the metal chemistry was more pronounced, in the case of using Pt or increased Cu loadings, then hydrogenation of the C 8 ketone took place fast enough that other reaction pathways did not play a significant role, and the selectivities for other products dropped.
Effect of Reaction Temperature
The effect of changing the reaction temperature on the conversion of the C 8 ketone and the distribution of major products over 20% Cu-Al 2 O 3 and 1% Pt-Al 2 O 3 . Figure 4a ,b show the catalytic results after 1 h on stream for both catalysts, respectively. Over 20% Cu-Al 2 O 3 , the main products were a mixture of C 8 alkenes and the C 8 alkane, and the selectivity for the C 8 alkane increased with increased temperatures resulting from further hydrogenation of C 8 alkenes. Over 1% Pt-Al 2 O 3 , however, the main product was C 8 alkane at all temperatures, although its selectivity decreased at low temperatures in favor of the C 8 alcohol. These results indicate that the conversion of C8 ketones to C8 alkane occurred by a series reaction, as summarized in Scheme 1. The first step in the reaction mechanism is the hydrogenation of the C8 ketone to the C8 alcohol over metal sites. The second step includes dehydration of the alcohol to C8 alkenes on acid sites (support). The alkenes can further be hydrogenated to the C8 alkane over metal sites [18, 35, 44] . Temperature controls the rate of all reaction pathways. At low temperatures, for both Cu-Al2O3 and Pt-Al2O3, significant amounts of C8 alcohols were formed because subsequent reactions did not proceed at a fast enough rate. It is interesting to note that even at the lowest temperature, Pt-Al2O3 produced no C8 alkenes, instead producing C8 alkane exclusively. This suggests that Pt-Al2O3 was extremely active for the hydrogenation of C8 alkenes to C8 alkanes. Higher temperatures allowed further reactions to occur, pushing the product selectivities toward C8 alkenes and C8 alkane. Scheme 1. The mechanism of conversion for the C8 ketone to C8 alkenes and C8 alkane. These results indicate that the conversion of C 8 ketones to C 8 alkane occurred by a series reaction, as summarized in Scheme 1. The first step in the reaction mechanism is the hydrogenation of the C 8 ketone to the C 8 alcohol over metal sites. The second step includes dehydration of the alcohol to C 8 alkenes on acid sites (support). The alkenes can further be hydrogenated to the C 8 alkane over metal sites [18, 35, 44] . Temperature controls the rate of all reaction pathways. At low temperatures, for both Cu-Al 2 O 3 and Pt-Al 2 O 3 , significant amounts of C 8 alcohols were formed because subsequent reactions did not proceed at a fast enough rate. It is interesting to note that even at the lowest temperature, Pt-Al 2 O 3 produced no C 8 alkenes, instead producing C 8 alkane exclusively. This suggests that Pt-Al 2 O 3 was extremely active for the hydrogenation of C 8 alkenes to C 8 alkanes. Higher temperatures allowed further reactions to occur, pushing the product selectivities toward C 8 alkenes and C 8 alkane. These results indicate that the conversion of C8 ketones to C8 alkane occurred by a series reaction, as summarized in Scheme 1. The first step in the reaction mechanism is the hydrogenation of the C8 ketone to the C8 alcohol over metal sites. The second step includes dehydration of the alcohol to C8 alkenes on acid sites (support). The alkenes can further be hydrogenated to the C8 alkane over metal sites [18, 35, 44] . Temperature controls the rate of all reaction pathways. At low temperatures, for both Cu-Al2O3 and Pt-Al2O3, significant amounts of C8 alcohols were formed because subsequent reactions did not proceed at a fast enough rate. It is interesting to note that even at the lowest temperature, Pt-Al2O3 produced no C8 alkenes, instead producing C8 alkane exclusively. This suggests that Pt-Al2O3 was extremely active for the hydrogenation of C8 alkenes to C8 alkanes. Higher temperatures allowed further reactions to occur, pushing the product selectivities toward C8 alkenes and C8 alkane. Scheme 1. The mechanism of conversion for the C8 ketone to C8 alkenes and C8 alkane. Scheme 1. The mechanism of conversion for the C 8 ketone to C 8 alkenes and C 8 alkane.
Effect of H 2 /C 8 Ketone Molar Ratio
Experiments were performed to study how changing the molar ratio of H 2 to C 8 ketone affects the conversion of C 8 ketone and the distribution of products over both 20% Cu-Al 2 O 3 and 1% Pt-Al 2 O 3 as shown in Figure 5a ,b, respectively, after 1 h on stream.
Catalysts 2019, 9, Experiments were performed to study how changing the molar ratio of H2 to C8 ketone affects the conversion of C8 ketone and the distribution of products over both 20% Cu-Al2O3 and 1% Pt-Al2O3 as shown in Figures 5a,b , respectively, after 1 h on stream. Figure 5 . Catalytic results for the conversion of C8 ketone to several products using different H2/C8 ketone molar ratios using 0.5 g of the catalysts: (a) (20% Cu-Al2O3), (b) (1% Pt-Al2O3). Reaction conditions: reaction temperature, 220 °C; the total flow rate of H2 and N2, 85 mL/min; the flow rate of H2 and N2, 68.5 and 16.5 mL/min, respectively; the flow rate of C8 ketone, 1 mL/h; the molar ratio of H2/C8 ketone was varied from 2 to 25. Figure 5a shows that the H2/C8 ketone ratio directly impacted on both the C8 ketone conversion and product selectivity. A higher H2/C8 ketone ratio increased the C8 ketone conversion: the conversion was 100% at all ratios above two. In addition, as seen in this figure, the H2/C8 ketone molar ratio affected the selectivity for products. With an increase in ratio from two to 25, the selectivity for C8 alkenes decreased from 82% to 45%. This decrease was due to more hydrogenation of the C8 alkenes to C8 alkane. The highest selectivity for C8 alkenes was found at a H2/C8 ketone ratio of two with a selectivity of 82%.
Over 1% Pt-Al2O3, as shown in Figure 5b , the conversion of the C8 ketone increased from (44%) to (99.9%) when the H2/C8 ketone ratio increased from two to 25. The main product selectivity was still the C8 alkane, although the selectivity for this product decreased dramatically when the ratio was Figure 5a shows that the H 2 /C 8 ketone ratio directly impacted on both the C 8 ketone conversion and product selectivity. A higher H 2 /C 8 ketone ratio increased the C 8 ketone conversion: the conversion was 100% at all ratios above two. In addition, as seen in this figure, the H 2 /C 8 ketone molar ratio affected the selectivity for products. With an increase in ratio from two to 25, the selectivity for C 8 alkenes decreased from 82% to 45%. This decrease was due to more hydrogenation of the C 8 alkenes to C 8 alkane. The highest selectivity for C 8 alkenes was found at a H 2 /C 8 ketone ratio of two with a selectivity of 82%.
Over 1% Pt-Al 2 O 3 , as shown in Figure 5b , the conversion of the C 8 ketone increased from (44%) to (99.9%) when the H 2 /C 8 ketone ratio increased from two to 25. The main product selectivity was still the C 8 alkane, although the selectivity for this product decreased dramatically when the ratio was five or below. For those ratios, the selectivity for other products like the C 8 unsaturated ketone, butane, xylene, aromatics, and condensation products became more important.
Effect of Space Time
The effect of space time, W/FA 0 , where W is the weight of catalyst (g) and FA 0 is the molar flow rate of C 8 ketone (mol h −1 ), was evaluated to better understand the reaction mechanism. Results for 20% Cu-Al 2 O 3 and 1% Pt-Al 2 O 3 at 220 • C are as shown in Figure 6a ,b, respectively, after 1 h of the reaction.
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The effect of space time, W/FA0, where W is the weight of catalyst (g) and FA0 is the molar flow rate of C8 ketone (mol h −1 ), was evaluated to better understand the reaction mechanism. Results for 20% Cu-Al2O3 and 1% Pt-Al2O3 at 220 °C are as shown in Figures 6a,b , respectively, after 1 h of the reaction. As can be seen in Figure 6a , the conversion of the C8 ketone increased from 39% to 100% when the space time increased from 15 to 77 g·mol −1 ·h. The selectivity for C8 alkenes decreased from 86% to 70%, while the selectivity for the C8 alkane increased from 12% to 29%. In addition, a small amount of C8 alcohol was detected at low space times.
The effect of space time on the conversion of the C8 ketone and the distribution of products over 1% Pt-Al2O3 is displayed in Figure 6b . As can be seen, the conversion of the C8 ketone increased from 31% to 96% when the space time increased from 15 to 77 g·mol −1 ·h, and the selectivity for the C8 alkane decreased from 87% to 79%. The drop-in alkane selectivity was associated with the formation of byproducts like aromatics and condensation products. C8 alkenes and unsaturated C8 ketones were detected at low space times and decreased with increased space times. Unsaturated C8 ketones were produced by dehydrogenation reactions on Pt. As can be seen in Figure 6a , the conversion of the C 8 ketone increased from 39% to 100% when the space time increased from 15 to 77 g·mol −1 ·h. The selectivity for C 8 alkenes decreased from 86% to 70%, while the selectivity for the C 8 alkane increased from 12% to 29%. In addition, a small amount of C 8 alcohol was detected at low space times.
The effect of space time on the conversion of the C 8 ketone and the distribution of products over 1% Pt-Al 2 O 3 is displayed in Figure 6b . As can be seen, the conversion of the C 8 ketone increased from 31% to 96% when the space time increased from 15 to 77 g·mol −1 ·h, and the selectivity for the C 8 alkane decreased from 87% to 79%. The drop-in alkane selectivity was associated with the formation of byproducts like aromatics and condensation products. C 8 alkenes and unsaturated C 8 ketones were detected at low space times and decreased with increased space times. Unsaturated C 8 ketones were produced by dehydrogenation reactions on Pt.
The results for different W/FA 0 for Cu and Pt showed a few important trends. First, it can be seen that 1% Pt-Al 2 O 3 primarily produced alkanes even at the smallest space times. This indicates that the hydrogenation of alkenes to alkane (C=C bond) was quite fast. On the other hand, this reaction was much slower on 20% Cu-Al 2 O 3 . The conversion of C 8 ketone over 20% Cu-Al 2 O 3 (39%) was higher than over 1% Pt-Al 2 O 3 (31%) at the same low space time, suggesting that hydrogenation of this ketone (C=O bond) to alcohol was faster on 20% Cu-Al 2 O 3 than on 1% Pt-Al 2 O 3 . The results also showed that 1% Pt-Al 2 O 3 could catalyze dehydrogenation reactions under some conditions, yielding unsaturated ketones. Again, this was not noted for 20% Cu-Al 2 O 3 due to its lower dehydrogenation activity.
Catalyst Stability
The catalyst stability was studied for 20% Cu-Al 2 O 3 with different calcination times (4 h and 8 h) and for 1% Pt-Al 2 O 3 calcined for 4 h, as shown in Figure 7a -c, respectively. The results for different W/FA0 for Cu and Pt showed a few important trends. First, it can be seen that 1% Pt-Al2O3 primarily produced alkanes even at the smallest space times. This indicates that the hydrogenation of alkenes to alkane (C=C bond) was quite fast. On the other hand, this reaction was much slower on 20% Cu-Al2O3. The conversion of C8 ketone over 20% Cu-Al2O3 (39%) was higher than over 1% Pt-Al2O3 (31%) at the same low space time, suggesting that hydrogenation of this ketone (C=O bond) to alcohol was faster on 20% Cu-Al2O3 than on 1% Pt-Al2O3. The results also showed that 1% Pt-Al2O3 could catalyze dehydrogenation reactions under some conditions, yielding unsaturated ketones. Again, this was not noted for 20% Cu-Al2O3 due to its lower dehydrogenation activity.
The catalyst stability was studied for 20% Cu-Al2O3 with different calcination times (4 h and 8 h) and for 1% Pt-Al2O3 calcined for 4 h, as shown in Figures 7a-c Figure 7a shows a significant deactivation for 20% Cu-Al2O3 calcined for 4 h. The conversion of C8 ketone was 100% during the first 5 h, but decreased to 73% after 10 h. C8 alkene selectivity increased with time to reach above 75% at 6 h, then decreased slightly with time to 70% after 10 h, which was associated with an increase in the production of C8 alcohol, an intermediate product. In addition, the selectivity for the C8 alkane decreased with time. Figure 7b displays the conversion of C8 ketone and the distribution of products during 12 h of reaction over 20% Cu-Al2O3 calcined for 8 h. As can be seen, the conversion was maintained at near 100% for nearly the entire time studied, with a slight decrease to 99.5% at 12 h. The selectivity for C8 alkenes increased with time from 68% at the start of the reaction to 76% after 12 h, while the selectivity for the C8 alkane decreased from 26% to 23% with time. From the results in Figures 7a,b , it appears that longer calcination times led to more stable catalysts. This may be because the concentration of acidic sites was lower on 20% Cu-Al2O3 with longer calcination times than with short calcination times (see Table 1 , NH3 uptake results). A larger number of acidic sites would likely increase the rate of deactivation [45] . Figure 7c shows the conversion of the C8 ketone and the distribution of major products during 10 h of reaction over 1% Pt-Al2O3. It is clear that the conversion of the C8 ketone was 99.8% during the first 3 h, then decreased at 4 h from 98.8% to 77% at 10 h. However, the selectivity for C8 alkane as the main product was approximately constant at over 97%, and small amounts of butane were detected during the first 10 min of the reaction. In addition, an experiment was conducted with a high H2/C8 ketone ratio (25) (data not shown). The results showed that both the conversion of the C8 ketone and the selectivity for the C8 alkane were approximately constant at above 99% and 97%, respectively, over 24 h. This suggests that hydrogen helps to maintain the activity of the catalyst, most likely by preventing coke formation. Figure 7a shows a significant deactivation for 20% Cu-Al 2 O 3 calcined for 4 h. The conversion of C 8 ketone was 100% during the first 5 h, but decreased to 73% after 10 h. C 8 alkene selectivity increased with time to reach above 75% at 6 h, then decreased slightly with time to 70% after 10 h, which was associated with an increase in the production of C 8 alcohol, an intermediate product. In addition, the selectivity for the C 8 alkane decreased with time. Figure 7b displays the conversion of C 8 ketone and the distribution of products during 12 h of reaction over 20% Cu-Al 2 O 3 calcined for 8 h. As can be seen, the conversion was maintained at near 100% for nearly the entire time studied, with a slight decrease to 99.5% at 12 h. The selectivity for C 8 alkenes increased with time from 68% at the start of the reaction to 76% after 12 h, while the selectivity for the C 8 alkane decreased from 26% to 23% with time. From the results in Figure 7a ,b, it appears that longer calcination times led to more stable catalysts. This may be because the concentration of acidic sites was lower on 20% Cu-Al 2 O 3 with longer calcination times than with short calcination times (see Table 1 , NH 3 uptake results). A larger number of acidic sites would likely increase the rate of deactivation [45] . Figure 7c shows the conversion of the C 8 ketone and the distribution of major products during 10 h of reaction over 1% Pt-Al 2 O 3 . It is clear that the conversion of the C 8 ketone was 99.8% during the first 3 h, then decreased at 4 h from 98.8% to 77% at 10 h. However, the selectivity for C 8 alkane as the main product was approximately constant at over 97%, and small amounts of butane were detected during the first 10 min of the reaction. In addition, an experiment was conducted with a high H 2 /C 8 ketone ratio (25) (data not shown). The results showed that both the conversion of the C 8 ketone and the selectivity for the C 8 alkane were approximately constant at above 99% and 97%, respectively, over 24 h. This suggests that hydrogen helps to maintain the activity of the catalyst, most likely by preventing coke formation.
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Materials
5-methyl-3-heptanone was purchased from Tokyo Chemical Industry (TCI). The copper precursor (copper(II) nitrate tri-hydrate [Cu(NO 3 ) 2 ·3H 2 O (99%)]) was obtained from Fisher Scientific, while the Pt precursor (tetraammineplatinum(II) nitrate [Pt(NH 3 ) 4 (NO 3 ) 2 ]) and aluminum oxide (catalyst support, high surface area, 1/8" pellet) were obtained from Alfa Aesar (Haverhill, MA, USA).
Preparation of Supported Catalysts
Both catalysts (Cu-Al 2 O 3 and Pt-Al 2 O 3 ) were synthesized using the incipient wetness impregnation method, and the metal precursors were Cu(NO 3 ) 2 ·3H 2 O (99%) and Pt(NH 3 ) 4 (NO 3 ) 2 , respectively. Prior to loading the metal precursor, the support (Al 2 O 3 ) was crushed and sieved to obtain particles ≤ 0.15 mm in size (mesh 100). The precursor solution of a metal was prepared through dissolving the metal precursor in an amount of water just sufficient to fill the pores of the support by means of dropwise addition with manual mixing. Typically, 5 g of Al 2 O 3 was impregnated in 5 mL of metal precursor solution containing the calculated amount of Cu(NO 3 ) 2 ·3H 2 O and Pt(NH 3 ) 4 (NO 3 ) 2 , respectively, to give approximately 1 wt% Cu-Al 2 O 3 , 20 wt% Cu-Al 2 O 3 , and 1 wt% Pt-Al 2 O 3 . The volume of precursor solution needed to fill these pores was determined by adding small quantities of the solvent slowly to the weighed amount of support with stirring until the mixture became slightly liquid. After that, this ratio of weight:volume was used to prepare a metal precursor solution with a suitable concentration to achieve the desired metal loading [46] . The catalyst was dried in an oven overnight at 100 • C, heated in a furnace at 110 • C for 2 h, and calcined at 550 • C for 4 h. A ramp rate of 2 • C/min was used for temperatures up to 110 • C and 1 • C/min up to 550 • C. The resulting catalyst was crushed and sieved to <0.15 mm for Pt-Al 2 O 3 and to ≤0.18 mm for Cu-Al 2 O 3 .
Catalytic Reaction
Catalysts prepared as described above were used for the conversion of the C 8 ketone to C 8 alkenes and the C 8 alkane. The catalytic conversion of the C 8 ketone was performed in a fixed-bed reactor constructed of stainless steel (id = 0.85 cm) at atmospheric pressure. Prior to the reaction, 0.5 g of catalyst was reduced in the reactor at 300 • C for 1 h with flow rates of hydrogen and nitrogen equal to 68.5 and 16.5 mL/min, respectively. After this reduction process, the C 8 ketone was mixed with nitrogen and hydrogen in a preheater at the desired reaction temperature before flowing into the reactor. The C 8 ketone was fed at a feed rate of 1 (mL/h) via a micro pump (Eldex 1SMP) along with H 2 and N 2 with flow rates of 68.5 and 16.5 mL/min, respectively. The molar ratio of the H 2 /C 8 ketone was maintained at around 25, and the temperature of the reaction was kept at 220 • C using heating tape as a heating source. The product compositions were analyzed using an on-line gas chromatograph (SRI 8610C) with an MXT-1 column (100% dimethyl polysiloxane (nonpolar phase), 60 m, ID 0.53 mm) equipped with Flame Ionization Detector (FID) and Thermal conductivity detector (TCD). The temperature of the effluents from the reactor was maintained above 230 • C to avoid condensation of the liquid products. The gas chromatograph oven was maintained at 40 • C for 5 min, and then increased to 120 • C at a ramp rate of 40 • C/min, before being finally raised to 250 • C at a rate of 20 • C/min and kept at this temperature for 10 min.
An Agilent 7890A GC-MS equipped with an Agilent 5975C MS detector was utilized to identify the products detected by the Gas Chromatography (GC). The conversion of MEK and the selectivity for the products were determined using Equations (2) and (3):
Selectivity % = (Moles of product) ( Moles of total products) × 100
Repeat trials showed that the conversions and selectivities were repeatable within 5%. Two different C 8 alkenes were detected (5-methyl-3-heptene and 5-methyl-2-heptene), while a single C 8 alkane (3-methyl heptane) was detected in the product. For brevity, these will be referred to as C 8 alkenes and C 8 alkane in the rest of the paper.
Catalyst Characterization
X-Ray Diffraction (XRD)
X-ray diffraction data were obtained with a Rigaku Miniflex II desktop x-ray diffractometer (Tokyo, Japan) with Cu Kα radiation (λ = 0.15406 nm) operated at 30 kV and 15 mA. A range of two theta angles from 6 • to 70 • were used for all catalysts with a step size of 0.02 • and scan speed of 2 • /min.
Brunauer-Emmett-Teller (BET)
Surface areas of all catalysts were found by the Brunauer-Emmett-Teller (BET) gas (nitrogen) adsorption method. N 2 adsorption/desorption analyses were run on a Quantachrome Autosorb-1 instrument (Boynton Beach, FL, USA) at −196 • C. Data were analyzed with Autosorb-1 software. The samples were degassed at 350 • C for 4 h before beginning the adsorption analysis. The BET method was used to calculate the total surface area at relative pressures from 0.007 to 0.03.
Transmission Electron Microscopy (TEM)
Regarding transmission electron microscopy (TEM) imaging, a small amount of the supported catalysts was dispersed in ethanol with a 30 min sonication. A drop of the homogeneous suspension was deposited on a lacey carbon TEM grid, then tested by TEM using an FEI Talos TEM at 160 and 200 kV.
Temperature Programmed Desorption (NH 3 -TPD and CO 2 -TPD)
Temperature programmed desorption of ammonia (NH 3 -TPD) and carbon dioxide (CO 2 -TPD) were performed to investigate the surface acidity and basicity of the catalysts. An Altamira AMI-200 system was used for all TPD studies. Before adsorption, 0.1 g of supported metal catalyst was placed in a quartz U-tube reactor and pre-treated at 550 • C under helium for 1 h, followed by cooling to 100 • C. After that, the catalyst was reduced by passing H 2 /Ar (10 v/v %) with a flow of 40 mL/min and heating up to 300 • C at a ramp rate of 10 • C/min, held at 300 • C for 2 h, and finally cooled to 100 • C. Next, 1% NH 3 /He at a flow rate of 50 mL/min was introduced at 100 • C for 1 h. The sample was flushed with He at 100 • C for 2 h to remove physically adsorbed NH 3 molecules. In the end, the temperature was raised to 600 • C at a ramp rate of 10 • C/min. For CO 2 -TPD experiments, 0.1 g of the sample was pretreated in the same as that for NH 3 -TPD except that the cooling temperature after reducing the catalyst was 50 • C. After reducing, the sample was treated with 10% CO 2 in helium at a flow of 50 mL/min at 50 • C. The sample was flushed with He at 50 • C for 2 h to remove physisorbed CO 2 molecules. Finally, the temperature was raised at a ramp rate of 10 • C/min to 600 • C. Any NH 3 and CO 2 desorbed from the samples were detected by a thermal conductivity detector (TCD).
Conclusions
Hydrodeoxygenation of the C 8 ketone (5-methyl-3-heptanone) to C 8 alkenes (5-methyl-3-heptene and 5-methyl-2-heptene) and C 8 alkane (3-methyl heptane) was investigated using bifunctional catalysts composed of one of the transition metals (Cu or Pt) loaded on Al 2 O 3 to provide both hydrogenation and dehydration sites. Over 20% Cu-Al 2 O 3 , a mixture of C 8 alkenes and a C 8 alkane was produced, while 1% Pt-Al 2 O 3 produced nearly all of the C 8 alkane because Pt was a more active hydrogenation catalyst for the C 8 alkene. The ratio of the H 2 /C 8 ketone had a significant impact on the catalytic chemistry. Higher ratios led to a higher production of the C 8 alkane and higher C 8 ketone conversions. Higher reaction temperatures also enhanced C 8 ketone conversion and selectivity for the C 8 alkane. These results are consistent with a pathway consisting of a series of reactions where the C 8 ketone is hydrogenated to a C 8 alcohol on metal sites, dehydrated to C 8 alkenes on acidic sites, and further hydrogenated to a C 8 alkane. Catalyst deactivation over 10 h was noted for the Cu catalyst calcined for a relatively short time and the Pt catalyst, but little deactivation was noted for the Cu catalyst calcined for a longer period of time.
